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ABSTRACT

Punch-through varactor diode frequency multipliers, a type of nonlinear reactive
multiplier, can be 100% efficient, theoretically. This report presents a model of a punch-
through diode and then analyzes it in the frequency domain. By restricting the currents
that flow, the analysis can be reduced to a finite set of equations for any order multiplier.
Next, assuming that the diode loss is low enough, diode equations for the specific cases
of a doubler and a tripler are developed. The report then adds the necessary circuit
elements to give lumped-element circuit designs and design equations for both doublers
and triplers. Finally, sample circuits are built using these designs, and design equations
are shown along with their performance.
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1. INTRODUCTION

Frequency multipliers are useful circuits in both the RF and microwave regions. For instance, to
provide a clean, stable local oscillator (LO) signal at microwave frequencies, the output of a 5- to 100-MHz
oscillator is multiplied by a frequency multiplier circuit. The same procedure can be used in a transmitter
where the signals are multiplied either before or after the power amplifier. These techniques are preferred
over a UHF or microwave oscillator because these higher frequency oscillators are not as quiet or as
stable as a frequency-multiplied, low-frequency oscillator.

Two general types of frequency multipliers exist: nonlinear resistive and nonlinear reactive. Nonlinear
resistive multipliers are generally impulse multipliers such as comb generators or step recovery diode
(SRD) multipliers. When these multipliers are not tuned, they are very broadband circuits. However, they
need high drive power and are inefficient. Because their maximum efficiency is 1/N% where N is the order
of the multiplier, they are especially inefficient for higher order circuits.

On the other hand, nonlinear reactive multipliers with no series resistance are 100% efficient, and
they can be used at lower drive powers. Because the frequency multiplication is based on a nonlinear
reactance, these circuits have tuned input and output circuits and often tuned idler circuits as well.
Consequently, the tuned circuits cause reactive multipliers to be generally narrowband circuits.

Of the three common types of reactive multipliers, the best known is the abrupt junction varactor
diode multiplier that was heavily investigated in the 1950s [1]. Although they can be efficient, their
operation is sensitive to their input power level, they need external bias, and they can be hard to stabilize.
In the 1960s punch-through diode multipliers were developed [2,3]. Their operation is relatively independent
of their input power level, they are self biasing, and they are generally easier to stabilize. Punch-through
diodes are known more widely as SRDs, but because punch-through better describes them, they will be
referred to as such.

Transistor multipliers were also developed in the 1960s [4,5]. Unlike diode multipliers, they are
able to produce gain. Their operation is based on the nonlinear capacitive reactance of the reverse-biased
base-collector junction. However, due to the larger complexity of a transistor compared with a diode, they
are much harder to analyze.

Though all the previously mentioned reactive multipliers use a nonlinear capacitor, a nonlinear
inductor can also be used. In fact the very first frequency multipliers (or frequency changers as they were
called then) developed early in this century took advantage of the nonlinear flux density versus magnetic
field intensity (B-H) characteristic of iron core inductors [6,7]. Currently, they have fallen out of vogue
in the RF and microwave communities, though they are still used in other fields.

This report addresses punch-through diode multipliers only. Though all the work on punch-through
diode multipliers was done almost 30 years ago, it was difficult to locate good information about building
them. This report tries to rectify that problem. Section 2 presents the theoretical derivation of how these
multipliers work; Section 3 gives practical information on how to build them, including lessons that were
learned the hard way; and Section 4 shows the results of some multipliers that have been built as a result
of this research.




2. THEORETICAL DESCRIPTION

Consider a punch-through diode as a generic nonlinear reactance, in series with a constunt resistance,
as shown in Figure 1 [1]. For now, no assumptions are made or restrictions placed on the characteristic
of the nonlinear elastance.

i) Rg s(t)

+ vit) q(t) -

Figure 1. Generic nonlinear capacitor.

Next, the general relationship between the voltage and current in terms of the series resistance and
the elastance (1] must be found. Because typically these multipliers are driven with at least 1 mW, the
noise can be ignored. Also, for the purposes of the derivation, the initial voltage on the capacitor will be
considered zero; hence, the voltage v(#) can be written as:

v = R+ [sitde )
where
_—_iv_ﬁ 1 :iq—
s(t) dg dr and i(7) 5 )

As usual, g(1) is the charge on the capacitor.

This expression is not useful for designing multipliers because the different harmonic voltages and
currents are not known. To get Equation (1) into a useful form, the voltage, current, and elastance must
be expressed as a Fourier series. At this point, one restriction is imposed—only the first N harmonic
currents are allowed to flow. With this in mind, v(1), i(t), and s(¢) can be expanded as:

W= Y Ve, 3)
k=~o00
n >

i)=Y L™ | and @
k=—n




sh= Y S0t . )

k=—o00

Because these circuits are real, all the voltages, currents, and elastances are real, which constrains the
Fourier coefficients to be:

Voe=Vi, Igp=IL, and S,=5 . ©6)

Because the desired end result is a generic expression for each harmonic voltage V, in terms of the
currents, /;; elastances, S;; and series resistance, R_; first the Fourier coefficients are calculated in terms
of their time domain counterparts. From basic Fourier analysis, these expressions are

t+T

1 -
Vi== [xye* P ax )
t
1 +T .
=7 fix)e™ ™ @*dx ,  and ®)
t
1 +T .
Sk=—T— J s(x)e *OF gy &)
t

Equation (7) gives an expression for each V,, but to get it in terms of /,, S,, and R, Equation (1) is
substituted into (7) to obtain:

1 t+T .
Vi=s j(R,i(x)+ f s(y)i(y)dy)e-’km"xdx : (10)
t

Nonetheless, the current and elastances are still expressed in the time domain, so Equations (8) and (9)
are substituted into (10) to get:

T
1 < < . jo, x(I+m-k)
Vi =R} - j——— LS, |e/% dx . 11
k= Relk Jw,,T(l+m)l_z ;lmj. (11)
=—p m=-—oo t
Here, the integral is zero except when m = k — I, where it is equal to T. Equation (11) can then be written
as:




l n
Vi=RJI, -} LS, 12
k= Rely kaZIkz (12)

0" [=—n
or in matrix form as:
V=RI+[A a3)
where
S
k=" j“ﬂ . (14)
(ook

Equations (12) and (13) relate each harmonic voltage to the harmonic currents, the harmonic elastances,
and the series resistance.

Because Equations (12) and (?3) are used to determine impedances, the process is easier if all the
currents are normalized to /;. The normalized current D, is defined:

D=k . as)

From this equation it is obvious that D y=1and D, = Dk'. Finally, Equations (12) and (13) can be
rewritten as:

1 3
Vi={RDy - j ZDISk—I I (16)
®ok l=—n
and
V={RD+[AID}}; . a”n

With such a general mathematical description of the nonlinear reactance, the reactance can be put
in a circuit to give more constraints for Equations (16) and (17), which will enable a general expression
for the input and output impedances [8].

Figure 2 shows the input circuit of a general, nonlinear reactive frequency multiplier. The input
inductor tunes out the constant or average elastance of the nonlinear reactance, while the higher order
terms will appear resistive at the input frequency, resulting in an impedance-matched circuit. Though the
contributions by the higher order terms appear resistive, they are not resistors because they are due to
nonlinearities. The higher order terms actually cause the frequency multiplication.
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Figure 2. Input circuit.

To calculate the input impedance in terms of the normalized currents, elastances, and series resistances,
the equations for the input resistance and the input voltage are needed from Figure 2:

Vin

Ry,=—" and (18)
I

V; —js—"I +V, a9

in w, 1 1 .

Using Equations (18) and (19), the V, term of Equation (16) can be rewritten as:

S, 1o
Ro—jo>=R-j— > DS (20)

o 0 l=—n

because only the fundamental current is allowed to flow in this circuit. If identical terms on both sides
of Equation (20) are eliminated, it reduces to:

0 n
[20131-1“’20151—1]"'& : @n
°ll=—n

1
R,=-j—
@, 1=2




Notice that the two summations are the same as one summation from —n to n except for the S, term at
I =1, which is a result of the input inductor tuning out the constant elastance.

The output circuit shown in Figure 3 can be treated in a similar manner. Again, there is an output
inductor that tunes out the constant elastance at the output frequency. Here, the lower order terms create
the frequency-multiplied signal. The equation for the nth harmonic voltage is also needed:

.S
Vn=[_Rout_J 2 }D,.In . (22)
no

(4]

Using Equation (22), the V, term of Equation (16) can be rewritten as

S,D, S R
L =RD, -] ZDISn—I (23)

no, no,

—RoutDn -J

or, if identical terms on both sides are eliminated, as:

1 I op
=] —S. _;—R . 24
Rout J no, 1=2_’n Dn n—1I s (24)

Again, notice that the constant elastance has been tuned out, and only the nth harmonic current is
permitted to flow.
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Figure 3. Output circuit.




Finally, the same procedure is performed for the idler circuits shown in Figure 4. As before, there
is an inductor in each idler circuit to tune out the constant elastance at the idler frequency. However, there
is no series resistance in the circuit other than the resistance of the diode. The expression for the harmonic
voltage is

S,

Q L . 25
kcooD"l 23)

Ve=-j

Using Equation (25), the V, term of Equation (16) can be rewritten as:

_j2py = R Dy - j— ios (26)
ka k s~k Jk k-1 -

o 0 l=-n

Again, after eliminating identical terms on both sides, Equation (26) reduces to:

k-1 n
0=RDy - j 1 [ZDISk—1+ ) Dtsk—z] : @n

Dikar, | 27, I=k+1

Again, notice that all the constant elastances have been tuned out of all the idler circuits, and only the
kth harmonic current is permitted to flow.
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Figure 4. Idler circuits.




Because all the voltages, currents, and elastances are real, the bottom half of the matrix Equation
(17) can be eliminated, where k < 0. The equation for V,, can also be ignored because a different method
is used to design the bias circuit. In addition, because the bias currents are typically several orders of
magnitude smaller than the other currents, they can be ignored. Therefore, a matrix equation can be
written from Equations (21), (24), and (27) as:

[ 1 n-1 DI ]
R ] 0., Joa 2 S |
OuJ -1 0 l=-n "n I
o| |b 2 : 1
. ’E—l 1 - . (28)
=Rs O D kw Z 1 k 1’ * -JD ko 2 DISk—I Xp :
0 D2 0 l=-n k"o I=k+l 1
R. J 1 y o n. 1]
. “in L J 1 -
Z > 00 i 2 DS
L 0 I==n =2 ,J

Equation (28), which is referred to later in this report, is the fundamental matrix equation for nonlinear
reactive multipliers where only the first N currents are allowed to flow.

The important unknowns in Equation (28) are the elastance coefficients. To get these coefficients,
the analysis must be constrained to deal with a certain type of nonlinear reactance. As mentioned earlier,
the nonlinear reactance used here will be that of a punch-through varactor diode.

To make the mathematics easier, incremental elastance is used instead of incremental capacitance.
Incremental or small signal elastance is defined as:

s(iq=—=2 | (29)
clq
The incremental elastance for the punch-through varactor model is a step function (Figure 5) and is

S, for g>90
s(q)= { max 9 (30)

0 for ¢g<0

The step function results when the punch-through diode is reverse-biased, and the depletion region
rapidly expands to encompass the whole diode. Once that happens, adding any more charge does not
change the diode’s elastance. The punch-through diode’s forward characteristic is a result of its extremely
long minority carrier lifetime, 7. Because 7 is much greater than the fundamental period, the extra charge
in the depletion region never gets a chance to be swept away. Consequently, the diode appears to have
infinite capacitance or zero elastance in the forward direction [3].




Figure 5. Elastance versus charge characteristic of punch-through diodes.

The only problem with Equation (30) is that it is a function of the charge g, and it should be a
function of time for the matrix Equation (28). An expression for g(r) is needed. Though g(r) is yet
unknown, it is assumed that it crosses the x-axis once every 180° at the fundamental frequency or

(SO for (14 +nT)—§<t<(td +nT)+§

q@t)= , an
>0 for (td+nT)+—Z—StS(td +nT)+§£T-

where ¢, is a time delay with respect to ¢ = 0. Because the elastance versus charge relationship is a step
function, this is enough information to determine s(z). After determining the specific charge coefficients
for doublers and triplers, this assumption will be validated. Therefore, using Equations (30) and (31), s(¢)
can be calculated as:

0 for (td+nT)—§<t<(td +nT)+-47:

0= T T - (32)
Smax for (14 +nT)+Z-St5(td +nT)+—4—

The elastance waveform s(z) is shown in Figure 6.
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Figure 6. Elastance waveform for a punch-through varactor diode.

Now that the elastance function exists with respect to time, the elastance coefficients can be calculated

by substituting Equation (32) into (9) with a result of:

(1, +nT)+-3—1;
1 4

S =— J‘ smaxe—jkm,xdx

T
(ty +nT)+%

After performing the integration, the result is

jk ar _ ik r
S =_il_Le-J’kw.,(t,,+nT) e“l I —e Jka,
-jkw,T

Because T = 2r/w, and e/2* = ¢/"?%= |, Equation (34) can be reduced to:

S = -s-%ﬂe'jk(“""‘ +")sinc(klzt-)

Let o, = 6; then Equation (35) can be written as:

11

33)

(34)

(35)




S, = Sl;ax e-jk(0+1t)sinc( k _725) , (36)

or by substituting Equation (36) into the [A] matrix, Equation (14) can be expanded to:

. Smax [ ”] — j(k=1X(O+1)
=- k-D— . 37
Ay onksmc( )2 e 37

Though the preceding model for the punch-through diodes produces good results, there are some
differences between it and a real diode. Note that it was assumed that the transition between the forward
and reverse characteristic occurs at zero charge, when in reality it occurs at a slightly negative charge.
In addition, the transition is not a sharp step function, but rather it takes some positive charge before the
elastance reaches S, . Note that too, S, is not completely flat, but rises slightly with increased positive
charge. Besides differences between the model and reality, also keep in mind that charge waveforms other
than those assumed may be more efficient.

The last variables that are still unknown in matrix Equation (28) are the current coefficients D,.
Because the first and last rows in Equation (28) determine the output and input resistances, the n — 2 idler
equations remain to determine the n — 1 current coefficients. Therefore, to solve for the current coefficients,
one more equation or constraint is added; that is, that the efficiency € is at a maximum [8]. The efficiency
is the ratio of the output power to the input power or

1 *
P _Rout(ln + I—n )(In + I—n)
&(Dy,-,D,) = out _ 21 " .
Py >R+ L)y + 1) (38)

which reduces to

(D, + D,*)*

&(Dy,,Dp) = Rout AR, (39

Next, the idler equations are used to reduce the efficiency to a function of only one of the current
coefficients. Then the efficiency is differentiated with respect to the remaining current coefficients and
set to zero as:

de(Dy) _

o . 40
aD, (40)

12
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Finally, Equation (40) and the idler equations are used to calculate the remaining current coefficients.
Because these equations are complicated, it is difficult to solve them for maximum efficiency in the
general case. They will be solved later when specific order muitipliers are examined.

Once the current coefficients are established, the charge coefficients must be calculated to determine
whether the charge waveform violates the assumption that it crosses the x-axis once every 180° at the
fundamental frequency. The charge waveform is the integral of the current waveform, so assuming zero
initial charge. it is

q()= Iz(t)dt— 2 hDy jkat @n
k---n" w"

Therefore, the charge coefficients are

5D
ko,

O =-j 42)

Up to now, no limits were set as to how much input power to give the diode. However, real varactor
diodes can only withstand a certain reverse voltage or charge before they break down. Because it is
desirable to operate below the breakdown voltage V, it is necessary to know the maximum input power.
Start by determining the time at which the charge reaches its maximum [8], which occurs when the
derivative of charge, i.e., current, is zero. Using Equation (4) and setting it equal to zero results in:

n .
0= Y D/ @lmm @3)

k=-n
Once again, this result is too complex to solve in the general case and will be solved when specific order
multipliers are examined. From Equations (41) and (43), the maximum charge Omax 1S

ik
Qmax_".]—'— Z ijco . 44)

@, k=-n
Integrating Equation (29), the elastance charge relationship, results in the voltage charge relationship:
v= Is(q)dq , 45)

which for punch-through diodes, when g > 0, is

Vimax = SmaxCmax - (46)

13




Substituting Equation (44) into (46) and solving for 1,2, results in :

2 2
12== vhmxahr
1 n : 2
2l S Dy ikt s 47
==n
Because the input power is
2
P, input = 2Rinputll ’ (48)

where the factor of 2 is due to the two currents /; and / ;, the maximum input power is

2 2
P. = ,2VmaxRinwo ]
oo | & D ey 2 (49)
Smax| 2, e
k=—n

A complete, generalized, mathematical description of a punch-through varactor diode multiplier has been
written.

2.1 THE DOUBLER

The two most practical multipliers to build are the doubler and the tripler. The general design
parameters for the doubler will be calculated next, beginning with the matrix Equation (28), which
reduces to the two scalar equations

1 .

Rout=-Rs+Jm[sl+Sz+Dzs4] and (50)
1o o* *

Ro=R-i—[SiD+5+ D58 . 1)
o

Using the elastance coefficients determined by Equation (36), (50) and (51) reduce to

Ry =—R, + jﬁmﬁ—[&&%e‘j(%” ~02122¢7%0+M]  ang (52)
o
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R,=R, - j%‘—‘:)&[o.6366ef“’“‘)02 -0.2122¢7 736+ ] . (53)
(/4

For the doubler to work properly, both the input and output impedances must be positive and real. This
criterion limits the combinations of 6 and <D, that are valid but does not uniquely determine either. For
simplicity, let 6 = —90° and < D, = 0°. Consequently, Equations (52) and (53) reduce to:

Ry =-R, + 0.8488%}"%— and 54)
(/4

R, =R+ 0.4244———S';"£D2 . (55)
(1]

which are the general doubler equations for the output and input resistance.

Before using Equations (54) and (55), the current coefficient is calculated by maximizing the
efficiency using Equation (39), which for the doubler reduces to:

0.8488Sp,. D> — 4R, D20, . 56)

02 ==, sasss, D, + 4R,

Differentiating Equation (56) with respect to D, and setting it equal to zero gives a quadratic equation.
Using the quadratic formula, D, is

2
D, =4.7135%% , AR, || : (57)
- Smax S2.. .
which reduces to
D, =1 (58)

for the lossless case. Knowing D, for the lossless case, R, and R, were calculated for the lossless case
as

=0.42445max 59
Roue 20, (59)

15




S
R =02]122-max (60)
n w

o

To determine if the assumption about the charge waveform is correct, the current, charge, and
elastance waveforms are plotted for the lossless case. The charge coefficients from Equation (42) are

G_ ;1 a 2.1 61)
Il wo I] 2‘00

As can be seen in Figure 7, the assumption proves true.
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Figure 7. Current, charge, and elastance waveforms for a lossless doubler.

Next, an expression must be found for the maximum input power that a doubler can handle. First,
find when maximum charge occurs, which is at zero current. Using the equation for the current in the
case of the doubler, Equation (43), and after rearranging the exponential terms, results in:

COS(@yly max) = —Ds COS(2Wptg max)  » (62)

16




which is an implicit expression that generally has to be solved numerically or graphically. However, for

the lossless case the principle value of ! max is

z
3w,

tymax = or ¢0° at w, . (63)

From Equation (49), the maximum input power for a doubler is

22 w,%[ R+ o.2122s,m1)2]
P, = , Do . (64)
S2ax| 2510(@4tg max )+ D SN2ty max)]
For the lossless case, this reduces to:
2
P, =0.06287Ymax% (65)

max

These and all the other pertinent design equations for the doubler are listed in Appendix A for the general
and the lossless cases.

2.2 THE TRIPLER

The tripler is a little more complicated than the doubler as it uses an idler circuit. The matrix
Equation (28) for the tripler reduces to

Ro..t=—Rs+j3wlDB[D§s6+DSss+s4+sz+t>zs1] . (66)
O=R,Dz-j2; [D3Ss+ D3y + 83+ 5+ D35 | ,and 67)
Ro=R-j— D5+ DiS + 5+ D5 + D) . ®)

Using the elastance coefficients determined by Equation (36), (66) through (68) reduce to:

Rout =Ry + jg‘%ﬁ—[o.127k'f5‘°+”’m +0.6366¢ 7+ Vpy| (69)
(/]
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S,
0=R — j-nax
sDa 14(00

[0.1273e'f5(9+")1>§ —0.2122¢773(6+7) 4 0.6366(¢/(O+™ +e‘f(9+”)D3)] :

(70

and
R, =R, - j%“;"-{-—o.2122e'j3(9+”)D; +0.6366ej(9+")D2] : (1)
(/]
As in the doubler, the input and output impedances must be positive and real. This criterion limits the

combinations of © <D,, and < D, that are valid but does not uniquely determine any. For simplicity, let
© = -90° and < D, = < D, = 0°, reducing Equations (69) through (71) to:

S,
=—~R, +—12X_[( 7639 , 72
Rout 'S 660003[ DZ] (72)
S
0=R. +-—Mmax [0 5093D, —0.8488] ,and 73
s 4w01>2[ Ds ] .an (73)
R, =R, +—S"“alx [0.4244D,] (74)
20,

which are the general tripler equations for the output resistance. idlers, and input resistance.

Before using Equations (72) through (74), the current coefficients must be determined. Use the idler
Equation (27) to get D, in terms of D, or:

Dy =1.667- 18340 DoRs (15)

Smax

which for the lossless case reduces to:
D;=1.667 . (76)

Then, to determine D,, use the efficiency Equation (39) to get:

2
£(D,,D3) =&m‘%i . 7
After making all the requir:d substitutions, Equation (77) is
€Dy, Dy) = 212735max D2Ds - RDiw, . a8
0.21228pax > - R0,
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To determine D,, substitute Equation (75) into (78) and differentiate it with respect to D,. Because the
maximum efficiency is desired, solve the derivative equal to zero to get:

2
D= -4.713§“ii\/83.92-R%"L—26.19—&“—’Q+ 3781 (79)
Smax Smax Smax

which reduces to:

D, =1.944 (80)
for the lossless case. Knowing D, and D,, R, and R, are calculated for the lossless case as:

S,
=0.4454-102x  and 81
Rout 30, (81)
R, =0.4125 Smax . 82)

o

Before proceeding further, the assumption that the charge waveform crosses the x-axis once every
180° at the fundamental frequency needs to be checked. The charge coefficients from Equation (42) are

Q_ 0910 . O 05557 )
11 a, I] a,

By plotting the charge, current, and elastance waveforms in Figure 8, the assumption holds true a second
time.

23572488
L T T T 1 ]
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Figure 8. Current, charge, and elastance waveforms for a lossless tripler.
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Next, the maximum input power that the diode can withstand must be determined. As in the
doubler, first determine the time of maximum charge from Equation (43) as:

0= cos(@,ty max) + D2 0820525 max ) + D3 €083 Wplgmax) - (84)

For the lossless case, the easiest way to solve Equation (84) for ! ymax is graphically, from which is
obtained:

tqw=9;f_9§_ or 4180° a o, . (85)
o

Knowing ! max: the maximum input power is calculated from Equation (49) as:

22, 2R, +0.4244V2 1, 0, D) Spnax

Py = )
2 12 . . . (86)
Stax 503 sin(3®,ty max ) + Dy Sin(2@plg max ) + 25i0(@pfg max )
And finally, for the lossless case Equation (86) reduces to:
V20
P, =0.04742 B2 (87

max

These and all other pertinent design equations for the tripler are listed in Appendix B for both the general
and the lossless cases.

20




3. DESIGN PROCEDURE

3.1 THE DOUBLER

The doubler circuit is the simplest multiplier, and it is shown in Figure 9. The output trap is tuned
to the fundamental frequency and prevents it from escaping through the output port. The input trap is
likewise tuned to the second harmonic to prevent it from leaking back to the source. In addition, the input
trap is inductive at the input frequency and tunes out the average elastance of the varactor in the input
circuit. However, a separate tuning inductor is needed on the output side to tune out the average elastance
of the varactor because the output trap is capacitive.

2312400
INPUT TRAP Rpias :E OUTPUT TRAP  OUTPUT TUNING
Cz N Cy INDUCTOR
BLOCKING (——— | e—— BLOCKING
CAPACITOR — — Lout CAPACITOR
INPUT .__I e__ | [ _fYY\—.I H—. OUTPUT
LYY\ LYY
L2 Ly
PUNCH-THROUGH e
VARACTOR DIODE T
Figure 9. Punch-through varactor diode doubler circuit.
Generally, when designing varactor multipliers, the relationship
R;@, << Smax (88)

is valid where R, is the series resistance of the diode, @, is the input frequency of the multiplier, and S,
is the maximum elastance of the diode when it is reversed biased. Note that the elastance is the reciprocal
of capacitance. With this assumption a doubler can be designed using the lossless column of the generic
doubler equations at the beginning of Appendix A.
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In a punch-through varactor doubler, the input and output resistances are the same. Therefore, S,
or C_;, is determined by the characteristic impedance of the system Z  in which the doubler will be used.
Using the equation for either the input or output resistance in Appendix A, the capacitance at the diode’s
breakdown voltage is calculated as:

Cppipy = 0.03377 zl : (89)

0J o0

where f is the input frequency in Hertz. Next, the minimum required breakdown voltage is calculated
from the expected maximum input power using the input power expression in Appendix A, resulting in

Pin

Vonax =1.591 (90)

fo min

There should be enough input power to get the maximum voltage above 5 V, otherwise the diode operates
more like an abrupt junction varactor diode, and the preceding equations are not valid.

The bias resistor is calculated from

T
R,.=—— 91
bias C o1

min

where T is the minority carrier lifetime of the diode [9]). This expression is approximate, so the actual
value of R,  should be determined experimentally. Finally, 7 must be much longer than the period of
the fundamental frequency for reasons given previously.

For the input trap to be resonant at the output frequency and tune out the average elastance of the

varactor diode at the input frequency, C, and L, must be

c, =§Cmin and ©2)
1
= > 93)
40,C,

The output circuit, unlike the input circuit, is not uniquely determined by the varactor because of
the extra tuning inductance. To get unique values, let the reactance of the output trap equal the average
reactance of the varactor at the output frequency. Using this constraint, the output circuit values are

22




G=3Cnin - o4)
L =—— ,and 95)
@ZC
2
Loy = ELI . %6)

All the doubler circuit design equations appear in Appendix A.

32 THE TRIPLER

The tripler is more complicated than the doubler due to the addition of idlers at the second
harmonic. The complete tripler circuit is shown in Figure 10. Instead of one diode, the tripler shown here
uses a matched pair of diodes, although a single diode tripler could also be used. Each diode in combination
with its idler inductor L, resonates at the second harmonic, forming two series idlers. This arrangement
constrains the second harmonic current to stay in the low impedance path of the two idlers. Also,
operating the two diodes in push-pull mode considerably reduces all even-order harmonics at both the
input and output, which is not possible with a single diode tripler.

The input and output traps work similarly to the doubler. The input trap prevents the third harmonic
output signal from leaking into the input. It also tunes out the series reactance of L, and the diodes at
the input frequency. Likewise, the output trap prevents the fundamental from leaking to the output port.
Unlike the doubler, the output trap is also able to tune out the diode reactance because the needed
inductor is already there as L,.

Due to the additional complexity of the tripler, it is prone to instabilities from reactive out-of-band
terminations. To prevent instabilities, bridge-tee circuits have been added in both the input and output
sides. These circuits act like a through line at their designed frequency, while providing a known resistive
termination to out-of-band frequencies [10].

The matching networks are simple L-networks. Because triplers are narrowband circuits, there is
generally no need to use fancier matching networks.

Another cause of instabilities is an improperly designed bias circuit. The closer the bias resistor is
to the diode, the less likely are instabilities [8). In Figure 10, the bias resistors are connected directly
across the diodes with no other intervening components.
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Figure 10. Punch-through varactor diode tripler circuit.

To calculate the component values, assume (as in the doubler) that the expression

R.®, << Spax 7

holds true. This permits the use of the lossless column of the generic tripler equations in Appendix B.
Unlike the doubler, the tripler’s input and output impedances are not the same. To keep the components
as realizable as possible, let the input and output resistances be determined by:

5 3
Rin='é'zo and Rout"gzo . (98)

Note that R, and R, in Equation (98) are the circuit input and output resistances. Because of the two
diodes that are effectively in parallel, the resistances in Equation (98) are one-half of those found in the

beginning of Appendix B. Knowing the input resistance, the minimum reversed biased capacitance is




1

Chin = 0.03283 99)
o™tin
The idler inductors L, are then calculated as:
Ly=—y (100)
802Cpin

As in the doubler, the breakdown voltage must be large enough to handie the expected input power.
The required breakdown voltage is determined by using the formula for the input power in Appendix B,
while keeping in mind that the voltage splits in half across the two diodes. Therefore, the breakdown
voltage is

Vinax =0.916 Pin

(101)

o“-min

The breakdown voltage required by the input power should be greater than S V or the tripler will not work
properly. Generally, the greater the input power, the more efficient the multiplier. If the input power is
too low, the diode will act more like an abrupt junction varactor rather than a punch-through varactor and
will require a different set of design equations than those being used.

The bias resistors are calculated from

T
Rpias = g (102)

where 7 is the minority carrier lifetime of the diode [9]. This expression is approximate, so the actual
values of R, . should be determined experimentally. Because even a pair of matched diodes is never
absolutely identical, the two bias resistors will not necessarily be the same. Finally, 7 must be much
longer than the period of the fundamental frequency for reasons given earlier.

Before designing the bridge-tee circuits, the Q for each is determined. Generally, the higher the Q,
the more stable the multiplier. On the other hand, the lower the Q, the more realizable the components.
The exact Q depends on the quality of the available inductors and capacitors. For a given Q, , the input
bridge-tee values are

ISer—in = 5!2!2. C.. . 1 (103)

L ’

ser—in = o
Dy Ry, Oiy




Ry
frein = G0,

Oin . (104)

and —in =
par o Rip

Likewise, the components values for the output bridge-tee are

RoutQout 1
—out =" — — Coer—ogt =——m—mm—— 105
ISC!‘ out 3 wo ser—out 3 wo Rout Qout ( )
= Rou , and C = Dot ’ 106

where R, and R, are the input and output resistances, respectively, of the tripler circuit.

Continuing with the remainder of the circuit, the input and output traps are calculated as [11]:

le=§lfz , C3=%Cmin , (107)
l,=—2-99-14 . and c,=-15§cmi,, . (108)

Finally, the input and output matching networks are calculated as [12]:

_R_ill_l '
w22 B 2, (109
wo ZO

match-in =~ >~
@yRip

Z, -1
Ry | 2, Rout (110)
Linatch-out = -1 , and Cpgch-ont =——m -
out 3 wo Rout match-out 3 o Zo

A complete listing of the tripler circuit design equations appears in Appendix B.
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4. DESIGN EXAMPLES

4.1 2.64-GHz DOUBLER

An example of a punch-through varactor doubler that was built at 2.64 GHz is shown in Figures 11
and 12. The circuit in Figure 12 also includes a single-stage amplifier before the doubler that is not shown
in Figure 11. The doubler is designed for a 50-Q system, so using Equation (89), C,_, is calculated to
equal 0.256 pF. Because an input power of 10 dBm is needed, Equation (90) is used to get a breakdown
voltage of V. = 6.12 V. The closest punch-through varactor diode that meets this voltage is
a M/A COM MA44621A-C witha C_, = 0.25pF and a V,, = 20 V. The series resistance is less than
5 Q and because R.@, = 8.29 x 10 is less than S, = 4 x 10'3, the lossless equations in Appendix A
can be used safely. The calculated bias resistor using Equation (91) is R, = 40 KQ. After experimenting
with the bias resistor value, an optimum value of 44 KQ was achieved.

237246-11
44KQ -
< BOND WIRE
10dBm AT 47 pF A/4 AT 5.28 GHz /4 AT 2.64 GHz 2nH  47pF
5 dBm AT
2,64 GHz "'(—T 11 o g! 5.28 GHz
4 AT 5.28 GHz
M/A COM MA44621A-C
> Cpin=0.25 pF
T~10nS A4 AT 2.64 GHz
Rg=50
5.28 GHz TRAP Vo=20V
INPUT MATCHING CIRCUIT A
= 2.64 GHz TRAP

Figure 11. Schematic diagram of a 2.64-GHz punch-through varactor diode doubler.

Because of the high frequency involved, both the traps and the input matching circuit were
implemented as microstrip transmission lines instead of lumped elements. The traps were implemented
as two quarter-wavelength transmission lines in an “L” configuration. Though the input trap could have
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designed with the proper transmission line impedances to resonate with the average elastance of the diode
as in the lumped element case, instead impedances were used that were realizable in microstrip. This
decision required an extra L-matching net:vork at the input and an ~2 nH inductor made of bond wires
at the output. The L-matching network was determined by using a microwave CAD program and by
experimentation.

237246-12

Figure 12. A 2.64-GHz punch-through varactor diode doubler as built.

Despite the high frequency and low input power, the multiplier performed well. With an input
power of +8.93 dBm, it had an efficiency of 32%. Much of the loss was likely due to the microstrip lines
in the circuit and in the test fixture used to test the packaged circuit. The input impedance and reflection
coefficient are shown in Figure 13, and the relative output spectrum is shown in Figure 14,
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Figure 13. Input impedance and reflection coefficient of a 2.64-GHz punch-through varactor diode doubler.
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Figure 14. Output spectrum of a 2.64-GHz punch-through varactor diode doubler.
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4.2 50-MHz TRIPLER

A 50-MHz tripler (shown in Figures 15 and 16) was built to test the tripler equations. It was
designed for a 50-Q2 system with 1 W of input power. From Equation (98) it is seen that R, = 83 Q and
R, = 30 Q; Equation (99) indicates a need for C_, = 7.8 pF. The diode with the closest specifications
is an Alpha Industries DVB6145-19 with a C_;, =88 pF, V=75V, R, ~5Q, and T ~240 nS. From
the diode specifications, it is obvious that R.@, = 3.142 x 10° is much less than S_, = 1.136 x 10'], so
the lossless equations in Appendix B can be used. Therefore, using Equations (81) and (82), the input
and output resistances for the DVB6145-19 are R, = 74.6 Q and R =263 Q. Using Equation (101),
Vinax = 43.7V for 1 W of input power, leaving a good margin.

23724615
150-MHz 50-MHz
TRAP TRAP
INPUT OUT-OF-BAND 151 nH 251 nH OUT-OF-BAND OUTPUT
MATCHING TERMINATIONS TERMINATIONS MATCHING
NETWORK  3_45pF 1.11uH 7-35pF 56.3nH NETWORK
30dBm  112nH ?Kdﬂm 4pF —HEZY YN 0.01 uF
o )} (@750 } b @279 YV ——3
g 2ne ! N W B 3
0.01 uF s Yy \A) \AJ 26 nH
| 15-6pF | 3-15pF |
46.1nH l 220 pF 15.0 nH 75 pF
l 3-15pF % 10 pF
7-35pF 100 pF == 100 pF
70 - 150 nH 70~ 150 nH
Rg-50
24KQ 24KQ 7 =240nS
| Cm’n =88 pF
1 Vp=75V
%00 KQ DVB6 145-1 100 KQ
USE A
MATCHED
PAIR OF
DIODES

VARACTORS AND 100-MHz IDLERS

Figure 15. Schematic diagram of a 50-MHz punch-through varactor diode tripler.
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237246-16

Figure 16. The 50-MHz punch-through varactor diode tripler as built.

The idlers also include the idler inductance and the bias resistor. The idler inductor is determined
from Equation (100) to be 143.9 nH, and the bias resistor is calculated from Equation (102) to be
27.3KQ.

For the bridge-tees, an input Q of 5 and an output Q of 2 worked well and gave realizable
component values. The values for the components were calculated from Equations (103) through (106)
and are shown in Figure 15.

The component values for the two traps are calculated from Equations (107) and (108). However,
the average elastance of the diode is more like 2.2 C,;, so both the idler inductors and the trap components
are altered slightly from the requirements of Equations (103) through (108).

Finally, the input and output matching section components are calculated from Equations (109) and
(110). Because of the large number of reactive components that need to be properly adjusted, many of
the components were implemented as variable capacitors or inductors.

Because its operating frequency is much lower, the tripler is more efficient than the doubler. Even
though the tripler was tested with only +15 dBm of input power to make it easier to characterize, it had
an efficiency of 53%. The input impedance and reflection coefficient are shown in Figure 17, and the
output spectrum is shown in Figure 18.
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Figure 17. Input impedance and reflection coefficient of the 50-MHz punch-through varactor diode tripler.

23724818
e

Figure 18. Output spectrum of the 50-MHz punch-through varactor diode tripler.
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5. CONCLUSIONS

Nonlinear reactive multipliers are the most efficient and stable multipliers over temperature. One
type of nonlinear reactive multiplier is the punch-through varactor multiplier. A general theoretical
description of the punch-through varactor multiplier was presented, as well as specific design information
for a doubler and a tripler circuit. Higher order multipliers, as well as different circuit topologies for the
doubler and tripler, can be built using the general theoretical description. To round off the discussion,
examples of a doubler and tripler were shown with their results.
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APPENDIX A
DOUBLER EQUATIONS

A.1 GENERIC DOUBLER EQUATIONS

General Case Lossless Case (R =0)
2
D, =—4.713%% , \/ 22'2;&2 %% 1 57) D, =1 (58)
Smax Smax
Sax D2 S

Ry, = R, +0.4244 08X "2 (55) R, =0.2122-max (60)

2w, o,
Ryy =—R, +0.8488Smax_ (54) Ry = 0.4244 Smax (59)

4&)0% 2‘00
£(Dy) = ©34885mar Dy 4R,D3w, 56) e

0.8488S,,, D, + 4R.0, =
Implicit equation for ! max’
n
COS(Wy1y max ) = — D3 COS(2Wptg max ) (62) Tomax = 30, (63)
22, mﬁ[ R + 0.2122sw0j "
P, = 1 P,, =0.06287-max% (65)
S2ax|2510(@t max) + D SIN20,fg e )] Smax

(64)
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A2 DOUBLER CIRCUIT DESIGN EQUATIONS

Figure A-1 illustrates the doubler circuit that relates to the equations in this section.

2372450
INPUT TRAP Rbias OUTPUT TRAP OUTPUT TUNING
Co Ct INDUCTOR
BLOCKING | | (—— BLOCKING
CAPACITOR —i¢ — Lout CAPACITOR
INPUT  o——] —— Y'Y\ ~{&— outPUT
LYY\ LYY\
L2 L
PUNCH-THROUGH
VARACTOR DIODE I
Figure A-1. Punch-through varactor diode doubler circuit.
Cyni =0.03377— (89)
Zofo

P,

Vmax =1.591 -f-—m— (90)
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APPENDIX B
TRIPLER EQUATIONS

B.1 GENERIC TRIPLER EQUATIONS

General Case Lossless Case (R =0)
2
D, =—4.713%% \/83.92@--26.195—“’£+ 3.781 D, =1.944
Smax Smax max
(79)
D; =1'667_1854_‘D¢7MA (75) D5 =1.667
max
smax Smax
R, = R, +2210.4244D, (74) R, =0.4125-max
20, (7
Ry =—R, + Smax [0.7639D, ] (72) Ry =0. 4454 Smax.
6w,D; 3w,
0.127380x D, D3 - R, D} w0,
&(Dy,Dy) = (78) -
(P2, D3) 0.21228,,, 1 - R, e=1
Implicit equation for !ymax’
_0.7295

0 = cos(@ptg max ) + Dy COS(2Wpty max ) + D3 c0S(30y1g may )

(84)

t
g max o,

2V2, 2R, +0.4244V2_ @, D,S, ..

Pin = )
2. . . .
ng [ED_; SIN(3W,y max ) + Dy SIN(20,t4 max ) + 25I0(D,t4 max ]

(86)

2
P, = 0.04742%‘4“-5’&

max
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B.2 TRIPLER CIRCUIT DESIGN EQUATIONS

Figure B-1 illustrates the tripler circuit that relates to the equations in this section.
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Figure B-1. Punch-through varactor diode tripler circuit.

Rin = %Zo and Rout = %Zo (98)
Cynir, = 0.03283— (99)
R
Ly =—e— (100)
8w§Cmin
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Voay =0.916 |0

(o)

T
Ryjas = Co
. _ RO 1
LSC!'—]D wo sCr—in wo &n Q‘m
__Ry C = _On
rin = Gy P R
= RoutQour IS S
brer-co 3w, Coer-—ou 3w, Rout Qout
Lpar—out = _Rﬂt_— Coar—out = L
Qout 300 P 3w, Ron
4 2
L= gllz G= '3'Cnun
20 18
L=3L 1 =~ Crin

43

L
Cunatch-in = wzo oRin
Z,
Cmatch-out = —3;':;0—

(1o1)
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